In this research, uncertainty associated with initial and boundary conditions is evaluated for short-term wind speed prediction in complex terrain. The study area is the Alaiz mountain range, a windy region in the northern Iberian Peninsula. A multiphysics and multiple initial and boundary condition ensemble prediction system (EPS) was generated using the Weather Research and Forecasting model. Uncertainty of the EPS is analyzed using an index based on the spread between ensemble members, considering its behavior under different wind speed and direction events, and also during distinct atmospheric stability conditions. The results corroborate that physical parameterization uncertainty is greater for short-term forecasts (63.5 %). However, it is also necessary to consider the uncertainty associated with initial conditions, not only for its quantitative importance (36.5 %) but also for its behavior during thermal inversion conditions in the narrow valleys surrounded by mountains.
Introduction

1
In the framework of climate change, the demand for re-2 newable energy is increasing as an alternative to tra-3 ditional energy sources, which are responsible for the 4 emission of greenhouse gases (Torralba et al., 2017) .
5
During recent decades, wind energy has become one 6 of the most economical options for new energy pro-mate wind speed (Jiang et al., 2017) , the use of meso-24 scale models is widespread within the scientific com-25 munity for predicting wind speed at the hub height of 26 wind turbines, especially over complex terrain (Kunz 27 et al., 2010; Graff et al., 2014) . In this regard, the 28 Weather Research and Forecasting (WRF) model has 29 been used during recent years for simulating wind flow 30 over complex terrain, with satisfactory results (Hari 31 Prasad et al., 2017) . Nevertheless, there is uncertainty 32 in the wind speed forecast even using high-resolution 33 mesoscale models. One solution for estimating this un-34 certainty is to develop an ensemble composed of sev-35 eral individual simulations (Slingo and Palmer, 2011) . 36 The main sources of uncertainty in atmospheric models 37 are related to initial conditions and model errors (Lee 38 et al., 2012) . Initial condition uncertainty can be evalu-39 ated using data from different global models (Buizza 40 et al., 2005) or by perturbing initial conditions, e.g., 41 with the method known as singular vectors (Molteni 42 and Palmer, 1993) . Regarding model errors, uncer-43 tainty can be estimated using different models or physics 44 parameterizations, or by modifying parameters in the 45 physics package (Berner et al., 2011) . According to 46 Olsen et al. (2017) , uncertainty associated with wind 47 speed forecasts by mesoscale models near the ground 48 is mainly associated with physical parameterizations, 49 lead time and spin-up of the model, and grid spacing. 50 u n c o r r e c t e d p r o o f 
123
We selected 15 days in May 2015, previously tested 124 and compared with observational wind measurements 125 by Fernández- González et al. (2018) . These include 126 episodes with various wind intensities and directions 127 and atmospheric static stability conditions, whose rel-128 ative frequency can also be consulted in Fernández-129 González et al. (2018) 
147
In the sensitivity analysis of Fernández-González 
(2.1) It should be noted that the variable used in this work to 167 calculate the SI index is the wind speed at 90 m above 168 ground level (a.g.l.) to be representative of the wind at 169 the hub height of wind turbines. 
Study area
171
We selected a region in the northern Iberian Peninsula, 172 the Alaiz mountain range, where several wind farms are 173 located (Fig. 1B) First, we describe wind speeds across the study area 184 during the 15 selected days, which is very helpful for 185 the analysis of spread spatial resolution analyzed the 186 following subsections. (Fig. 2B) .
198
In that way, temporal variance of the simulated wind and south wind (180°± 60°) events. Finally, the events 221 were separated depending on atmospheric static stabil-222 ity, which was estimated by potential temperature (θ) at 223 38 and 97 m a.g.l. (for being consistent with the method-224 ology followed by Fernández- González et al., 2018) , 225 estimated by the ensemble mean. As a result, the events 226 were categorized as "unstable" (dθ/dz < 0), "neutral" 227 (dθ/dz = 0), "stable" (dθ/dz > 0), and "thermal inver-228 sion". in domain 4 throughout the study period, under dis-231 tinct meteorological situations. It is remarkable that the 232 spread, and consequently the uncertainty, during weak 233 wind episodes (95 %-97 %) was almost double that of 234 strong wind episodes (45 %-52 %). Because the SI val-235 ues are percentages, this difference cannot be attributed 236 to the magnitude difference between weak and strong 237 wind events. In the same way, uncertainty was consider-238 ably greater during southern wind events (79 %-82 %) 239 than northern ones (60 %-63 %). Indeed, after analyzing 240 the database, we found that strong wind events were re-241 lated to northerly winds, and weak wind events mainly 242 connected to southerly winds. Therefore, episodes of 243 strong winds with a northerly component are very pre-244 dictable in the study area. On the contrary, forecast un-245 certainty increases markedly during episodes of weak 246 winds with a southerly component. The reason may 247 be that the orography is much more complex south of 248 the study area, which creates strong turbulence with 249 southerly winds (Sanz Rodrigo et al., 2013) . The flow 250 is much less turbulent under winds with a northerly com-251 ponent, because the wind comes from the Cantabrian 252 Sea and is channeled by the orography to the study area 253 (Lorente-Plazas et al., 2015) . 
Spatial distribution of uncertainty 293
Finally, the spatial distribution of uncertainty within 294 the study area was evaluated. In addition, we examined 295 the uncertainty linked to physical parameterizations (by 296 measuring only the spread within the ensemble members 297 as generated by a specific initial condition database) 298 or initial and boundary conditions for various scenarios 299 of wind speed and direction and of atmospheric static 300 stability.
301
Fig . 4A -H shows the SI caused only by the physi-302 cal parameterizations. The spread associated with those 303 parameterizations represents 63.5 % of the total spread, 304 and was thus the main source of uncertainty in the 305 EPS developed herein. During southern wind events 306 (Fig. 4B ), there were several strong uncertainty regions, 307 mainly in low-altitude areas. The pattern is similar for 308 weak wind situations (Fig. 4A) , although moderate-to-309 high uncertainty is widespread over the study area (ex-310 cept at higher altitudes). For northern wind episodes 311 (Fig. 4F) , the uncertainty is considerably less than in 312 the case of a south wind component (Fig. 4B) . How-313 ever, the appearance of several areas of moderate uncer-314 tainty is remarkable, which are on the leeward side of the 315 orographic barriers (Fig. 1B) . This pattern is similar in 316 the strong wind panel (Fig. 4E) , reaffirming that strong 317 wind episodes are mainly related to the north wind com-318 ponent. In conditional and unstable conditions (Fig. 4G 319  and H) , there is an area of moderate uncertainty in the 320 northwest part of the study are, coinciding with a narrow 321 gorge of West-East orientation (Fig. 1B) . This orienta-322 tion can produce a shadow effect during northerly and 323 southerly wind episodes, causing weak winds (as seen in 324 u n c o r r e c t e d p r o o f When the PBL was categorized as stable (Fig. 4D ), the 326 configuration shows a strong similarity to the northerly 327 wind events, but with greater uncertainty. Nevertheless, 328 the most impressive results appeared when a thermal in-
329
version layer was present in the PBL (Fig. 4C) , with SI 330 values exceeding 100 %. In these cases, the uncertainty 331 was extraordinarily great in the valleys of the study area 332 (Fig. 1B) , with the exception of the Ebro Valley, which 333 apparently does not experience this process. The reason 334 may be the wind channelling effect, which makes wind 335 speed more predictable in that valley.
336
Initial and boundary conditions only contributed 337 36.5 % of the total spread, although the uncertainty that 338 initial conditions produced cannot be ignored because it 339 is very important during certain weather conditions. As 340 shown in Fig. 4I -P, there are extremely large SI values in 341 the small valleys during thermal inversion and southerly 342 u n c o r r e c t e d p r o o f Meteorol. Z., PrePub Article, 2018 S. Fernández-González et al.: Spread in a Mesoscale Ensemble Prediction System 7 wind component periods ( Fig. 4J and K conditions is almost negligible.
351
Regions with greater variance (Fig. 2B) are not 352 strictly associated with poor predictability (Fig. 4) conditions (Stensrud et al., 2000) . This is consistent turnal stable boundary layer (Sastre et al., 2015 
394
The main conclusions of this study can be summa-395 rized as follows:
396
• Areas with stronger winds stand out for having 397 greater predictability, which is very advantageous for 398 wind energy purposes.
399
• Greater variance is associated with the leeward side 400 of orographic barriers and in small valleys.
401
• In the vertical wind profile, uncertainty decreases 402 with height (except during weak wind events and 403 thermal inversion conditions).
404
• Strong northerly wind episodes show little forecast 405 uncertainty, but uncertainty increases markedly in 406 weak southerly wind events.
407
• Regarding static atmospheric stability, diminishing 408 uncertainty was observed from stable to unstable 409 static stabilities. The greatest uncertainty was for 410 thermal inversion conditions. This appears to be 411 linked to the observed diurnal cycle of ensemble 412 spread when a thermal inversion layer was developed 413 in the PBL, with greater uncertainty during night-414 time.
415
• Although uncertainty generated by different phys-416 ical parameterizations is quantitatively greater, the 417 uncertainty caused by initial conditions cannot be 418 discarded because it provides considerable infor-419 mation under certain weather conditions, especially 420 southerly wind and thermal inversion episodes.
421
In future research, our method will be applied to 422 wider areas to see if the conclusions can be extended 423 to other regions. The results from this research can be 424 useful for the selection of the most viable locations for 425 installing wind farms. Such locations should not only be 426 chosen based on wind strength but also on uncertainty 427 in the wind speed forecast. 
